Cancer stem-like cells (CSCs) are a highly tumorigenic cell type present as a minority population in developmentally diverse tumors and cell lines. Using a genetic screen in an inducible model of CSC formation in a breast cell line, we identify microRNAs (miRNAs) that inhibit CSC growth and are down-regulated in CSCs. Aside from the previously identified miR-200 family, these include the miR-15/16 (miR-16, miR15b) and miR-103/107 (miR-103, miR-107) families as well as miR-145, miR-335, and miR-128b. Interestingly, these miRNAs affect common target genes that encode the Bmi1 and Suz12 components of the polycomb repressor complexes as well as the DNA-binding transcription factors Zeb1, Zeb2, and Klf4. Conversely, expression of the CSCmodulating miRNAs is inhibited by Zeb1 and Zeb2. There is an inverse relationship between the levels of CSC-regulating miRNAs and their respective targets in samples from triple-negative breast cancer patients, providing evidence for the relevance of these interactions in human cancer. In addition, combinatorial overexpression of these miRNAs progressively attenuates the growth of CSCs derived from triple-negative breast cancers. These observations suggest that CSC formation and function are reinforced by an integrated regulatory circuit of miRNAs, transcription factors, and chromatin-modifying activities that can act as a bistable switch to drive cells into either the CSC or the nonstem state within the population of cancer cells. ancer stem cells (CSCs; also called tumor-initiating cells) are a highly tumorigenic cell type that exist as a minority population within tumors, and have been hypothesized to be play a pivotal role in cancer (1) (2) (3) (4) (5) (6) . CSCs from developmentally diverse tumors and established cell lines have been isolated by using cell-surface markers. Operationally, CSCs are commonly defined as being highly tumorigenic upon injection in immunodeficient mice and resistant to standard chemotherapeutic drugs (e.g., doxorubicin). Typically, CSCs can grow as spheres (e.g., mammospheres for breast CSCs) under nondifferentiation conditions, but they can differentiate into nonstem cancer cells (NSCCs). Although CSCs have molecular similarities to embryonic and normal adult stem cells (7) (8) (9) (10) (11) , breast CSCs are not epigenetically stable and do not behave as or arise from classic stem cells (12) . Instead, breast CSCs and NSCCs exist in a dynamic equilibrium that is mediated by IL6 (12) . This dynamic equilibrium between CSCs and NSCCs resembles the epithelialmesenchymal transition (EMT) that occurs in normal development and can be simulated in cancer cells.
The properties of CSCs are relevant to cancer treatment, specifically the common observation that tumors relapse even after an effective primary response with chemotherapy. In this CSC hypothesis, chemotherapy kills the vast majority of cancer cells within the tumor, but the CSCs survive, and after treatment, propagate and regenerate the cell types in the tumor, thereby leading to relapse of the disease. In support of the CSC hypothesis, the antidiabetic drug metformin and miR-200 selectively kill CSCs, and they act together with various chemotherapeutic agents to reduce tumor growth and prolong remission (11, 13, 14) . As only a small number of CSCs can regenerate a tumor, therapy has to be highly efficient, and in this regard, it would be useful to identify the molecular signature that dictates CSC growth and function.
The miR-200 family of microRNAs (miRNAs) regulates the EMT (15) (16) (17) (18) and plays a critical role in CSC formation and growth (9, 11) . CSCs have low levels of miR-200 RNAs compared with normal or nontumorigenic cancer cells, and ectopic expression of miR-200 inhibits CSC growth and tumor formation (9, 11) . miR-200 RNAs regulate the EMT by directly inhibiting expression of Zeb1 and Zeb2, which are DNA-binding transcriptional repressors of the E-cadherin (Cdh1) gene (15, 17, 19) . Conversely, Zeb1 binding to a conserved pair of E-box elements upstream of the promoter inhibits the expression of miR-200 family RNAs, thereby generating a negative feedback loop (16, 18) . In addition, miR-200 affects CSC function by directly targeting Bmi1 (9, 20) and Suz12 (11) , which, respectively, are components of the PRC1 and PRC2 polycomb complexes that repress transcription. Targets of miR-200 also include proteins involved in secretion (21) , cell motility, and anoikis resistance (22) , SIRT1 (23) , and the Notch pathway (24) , and it has been suggested that the stem cell factor Klf4 is also a target (20) .
In previous work, we used an inducible model of cellular transformation and CSC formation to identify 22 miRNAs that are differentially expressed in CSCs and NSCCs (12) . Here, using a genetic screen, we identify miRNAs that affect CSC growth and function and show that nearly all of these are down-regulated in CSCs. Unexpectedly, the miR-200 targets Zeb2, Suz12, Bmi1, and Klf4 are also directly targeted by other miRNAs that are down-regulated in CSCs and important for CSC function. Conversely, depletion of the Zeb1 and Zeb2 repressors leads to strong induction of the set of miRNAs that are important in CSC growth. In samples from human patients with triple-negative breast cancer, there is a striking inverse relationship between the levels of CSC-regulating miRNAs and their respective targets, providing strong evidence for the relevance of these interactions in human cancer. These observations suggest that CSC function is reinforced by an integrated network of miRNAs, transcription factors, and chromatin-modifying activities.
Results

Identification of miRNAs That Inhibit CSC Growth and Mammosphere
Formation. Treatment of nontransformed breast epithelial cells (MCF-10A) carrying an inducible Src oncogene (ER-Src) with tamoxifen induces cellular transformation (10, 25) . A subpopulation of these transformed cells are CSCs, as defined by expression of the CD44 marker, mammosphere formation, and the ability to cause tumors in immunodeficient mice (10, 12) . To identify miRNAs that regulate CSC growth, we performed a genetic screen in which CSCs isolated from transformed ER-Src cells were transfected with a library of 355 miRNAs (Fig. 1A) . Positive hits were defined as miRNAs that inhibit cell growth by more than 50% (Fig. 1B) , and these were further validated in secondary screens in six-well plates (Fig. 1C) .
From these screens, we identified 16 miRNAs that suppress CSC growth, including members of the miR-200 (miR-200b, miR-200a, miR-429, miR-200c), let-7 (let-7a, let-7b, let-7c, let-7d, let-7f), miR-15/16 (miR-16, miR-15b), and miR-103/107 (miR-103, miR-107) families as well as miR-145, miR-335, and miR128b ( Fig. 1 B and C) . Furthermore, individual overexpression of these miRNAs inhibits the formation of mammospheres by at least 50% (Fig. 1D) . Conversely, as observed previously for miR-200 family members (11), inhibition of representative miRNAs (via antisense RNA) results in increased efficiency of ER-Srctransformed cells to form mammospheres (Fig. 1E) . Similar results are observed in MDA-MB-436 and MDA-MB-231 breast cancer cell lines, for both miRNA inhibition and miRNA overexpression experiments (Fig. S1 ). In the cases tested, simultaneous inhibition of two miRNAs often results in higher levels of mammosphere formation than inhibition of either miRNA alone (Fig. 1E) . Importantly, all miRNAs identified here that inhibit CSC and mammosphere growth are expressed at lower levels in CSCs than in nonstem transformed cells (12) . Thus, the generation of CSCs from a transformed cell population involves the down-regulation of a set of miRNAs.
Differentially Regulated miRNAs Involved in CSC Function Regulate
Common Target Genes. The miR-200 family directly targets the Zeb1 and Zeb2 transcriptional repressors as well as the Suz12 and Bmi1 subunits of the PRC2 and PRC1 polycomb complexes. In addition, it has been suggested that miR-200 targets the stem cell transcription factor Klf4 (20) . Interestingly, sequence complementarity suggests that these miR-200 target genes may be directly regulated by other miRNAs that are down-regulated in CSCs and important for CSC function (Fig. S2) . Specifically, Suz12 is a putative target of the miR-103/7 and miR-15b/16 families, Zeb2 and Klf4 are putative targets of miR-145, and Bmi1 is a putative target of miR-128b.
We validated these predictions by measuring the activities of luciferase reporter constructs containing the 3′ untranslated regions (3′ UTRs) of Suz12, Zeb2, Bmi1, and Klf4 in CSCs from ER-Src cells (Fig. 2) . Overexpression of miR-107 or miR-15b reduces luciferase activity of the Suz12 3′UTR reporter construct, although to a slightly lesser extent than miR-200b ( Fig. 2A) . Inhibition by these miRNAs is direct because it is not observed upon mutation of the putative target sites in the Suz12 3′UTR. The combined overexpression of these three miRNAs nearly eliminates Suz12 luciferase activity. Overexpression of miR-145 inhibits the luciferase activity of both the Zeb2 (Fig. 2B) and Klf4 (Fig. 2D) reporter constructs, and this inhibition is not observed upon mutation of the putative target sites. For both Zeb2 and Klf4 reporters, inhibition by miR-145 is less pronounced than inhibition by miR-200b, and the combination of both miR-200b and miR-145 is more effective than either one alone. Finally, miR-128b inhibits the Bmi1 reporter more strongly than miR200b, and again the combination is more effective than with either miRNA alone (Fig. 2C) .
Further tests of the CSC growth-inhibiting miRNAs on the expression of the endogenous genes in CSCs from ER-Src cells verified our results using the luciferase reporters. Indeed, miR200b down-regulated the mRNA levels of Suz12, Zeb2, and Klf4; miR-107 and miR-15b inhibited Suz12; miR-145 down-regulated Zeb2; and miR-128b blocked Bmi1 (Fig. 3A) . In addition, combinational overexpression of the appropriate miRNAs targeting Suz12, Zeb2, Bmi1, or Klf4 resulted in more robust repression of the given targets than overexpression of individual miRNAs (Fig.  S3) . Thus, differentially regulated miRNAs that are important for CSC function have multiple targets in common.
Zeb1 and Zeb2 Inhibit Expression of Multiple miRNAs Involved in CSC
Function. Depletion of Zeb1 and Zeb2 decreases the proportion of CSCs in the population of transformed ER-Src cells (11) , and Zeb1 and Zeb2 repress the expression of miR-200 family members (24) . As the miRNAs involved in CSC function are coordinately down-regulated in CSC cells, we examined whether Zeb1 and Zeb2 affect the expression of the CSC-regulating miRNAs (Fig. 3B) . Simultaneous siRNA-mediated depletion of Zeb1 and Zeb2 results not only in the expected up-regulation of miR-200b (sevenfold), but also in the up-regulation of miR-15b (sixfold), miR-128b (fourfold), and to a lesser extent, miR-107 and miR-145 (two-to threefold). Thus, in CSCs, Zeb1 and Zeb2 are important for repressing the miRNAs involved in inhibiting CSC function. Conversely, the reduction of Zeb1 and Zeb2 that occurs in nonstem cancer cells is linked to increased expression of miRNAs that inhibit CSC function. (Fig. S4) .
miRNA-Target Interactions
The results are presented as the ratio of RNA levels in CSCs vs. the corresponding NSCCs (Fig. 4A) . Expression levels of CSC-regulating miRNAs are significantly reduced in the CSCs derived from the triple-negative/basal-like cell lines and tumor tissues. In the same samples, there is a striking inverse relationship between CSC-regulating miRNAs and the levels of their respective targets (Fig. 4A) . The same trend was observed in the three other types of breast cancer (ER-positive, HER2-positive, ER-and PR-positive), but the effects are much less pronounced both quantitatively and qualitatively. To test the role of these miRNAs in the context of human cancer, we overexpressed them either alone or in combination in CSCs derived from three triple-negative breast tumors (ca9-11). All of the tested miRNAs partially inhibited CSCs growth whereas their combinations had more robust inhibitory effects (Fig. 4B) . These observations provide an explanation for the coordinate downregulation of specific microRNAs in highly aggressive breast tumors and their mechanistic relationship to the up-regulation of their targets that encode transcription factors and polycomb complex components. 
Discussion
CSCs and NSCCs can be interconverted in cell lines and tumors, and they are characterized by distinct transcriptional profiles. The miR-200 family of miRNAs is strongly down-regulated in CSCs, and the near absence of these miRNAs is critical for CSC growth and function. The miR-200 miRNAs inhibit CSC function by directly inhibiting the expression of genes encoding the Bmi1 and Suz12 components of the PRC1 and PRC2 polycomb complexes, the Klf4 stem-cell transcription factor, and the Zeb1 and Zeb2 transcriptional repressors. Conversely, the Zeb1 and Zeb2 repressors directly inhibit expression of the miR-200 family via binding to target sites in the promoter (16, 18) , and hence these repressors are important for CSC growth and function. As such, the Zeb repressors and miR-200 miRNAs form a negative feedback loop that reinforces the CSC phenotypes.
Here, we use a genetic screen to identify miRNAs that inhibit CSC function, and we show how these correspond to miRNAs identified previously as having lower levels in CSCs. Aside from the miR-200 and Let-7 families, which were previously known in this regard, these include the miR-15/16 and miR-103/107 families as well as miR-145, miR-335, and miR-128b. In accord with the defining high tumor formation properties of CSCs, all of these miRNAs have been have generally been described as tumor suppressors (e.g., see refs. [26] [27] [28] [29] [30] [31] .
Strikingly, the miRNAs that are down-regulated in CSCs share many common targets. Each of the well-described miR-200 targets (Suz12, Bmi1, Zeb1, Zeb2, and Klf4) is also targeted by at least one other miRNA that is coordinately down-regulated in CSCs. Conversely, the Zeb1 and Zeb2 repressors, which directly inhibit expression of the miR-200 family, also inhibit expression of the other miRNAs that are down-regulated in CSCs. Direct binding of the Zeb repressors to these other miRNA promoters has yet to be demonstrated. Thus, the miRNAs and targets described here represent an integrated transcriptional regulatory circuit (Fig. 5) , not a simple linear pathway.
The integrated regulatory circuit can act as a bistable switch that drives cells into either NSCCs and CSCs, with intermediate states being minimized. In the CSC state, the Zeb repressors inhibit expression of the key miRNAs, thereby leading to upregulation of the target genes. Repression is enhanced by the increased expression of both Zeb repressors as well as Klf4 and the polycomb complex components. In the NSCC state, the Zeb repressors are less active, thereby leading to higher levels of the miRNAs, and hence to further reduced levels of the Zeb repressors, Klf4, and polycomb complex components. Genetic experiments described here and elsewhere indicate that all of these components are relevant for the discrimination between NSCCs and CSCs. Importantly, the transcription factors, miRNAs, and chromatin-modifying activities that constitute the integrated regulatory circuit also have many other targets that undoubtedly contribute to the NSCC and CSC states.
In standard cell culture medium, CSCs and NSCCs are not epigenetically stable, but rather exist in a dynamic equilibrium mediated by IL6 secretion into the medium (12) . Under these conditions, CSCs differentiate back into NSCCs, but this is balanced out by conversion of NSCCs to CSCs due to the high secretion of IL6 into the medium by CSCs. As such, there must be an IL6-mediated step that is critical for bistable switch. In principle, IL6 could affect one or more steps in the circuit, either by altering gene expression via transcriptional regulatory proteins or by altering the activity of the Zeb repressors and/or Klf4. Given the central role of the Zeb repressors in controlling miRNA expression, it is tempting to speculate that they are major targets of IL6 action. In this regard, after this work was completed, it has been reported that IL6 suppresses miR-200c expression to drive activation of inflammatory signaling and tumorigenesis (32) .
The concept and terminology of cancer stem cells has been controversial. The dynamic equilibrium term between breast CSCs and NSCCs strongly argues that breast CSCs behave very differently than classic stem cells (12) . On the other hand, the transcriptional profile of CSCs resembles that of embryonic stem cells, suggesting that CSCs represent a more dedifferentiated form of cancer cells (7) (8) (9) . In particular, polycomb complexes directly regulate key developmental factors that maintain ESC self-renewal and pluripotency (33, 34) ; are commonly up-regulated in cancer types in a manner associated with the aggressiveness of the tumor (35-38) ; and, via the Bmi1 and Suz12 subunits (9, 11, 20) , are targets of the miR-200 family. Our observations that Bmi1 and Suz12 are targets of additional miRNAs that are down-regulated in CSCs in a Zeb1/ Zeb2-dependent manner provide further support for the link of polycomb repression to CSC function. Furthermore, the Klf4 stem cell transcription factor is inhibited by miR-145, whose expression is inhibited by the Zeb repressors in CSCs. These observations prompt the speculations that polycomb-mediated repression of genes involved in differentiation is a common feature in the biology of cancer and embryonic stem cells.
As active players in important human oncogenic signaling pathways, miRNAs may affect the development of strategies for cancer therapy. Given the importance of CSCs in tumor formation, miRNAs that inhibit CSC formation are of potential interest for cancer therapy. For example, we previously showed that, in mouse xenografts, the combination of miR-200 and doxorubicin stimulated tumor regression and prolonged remission beyond that obtained with either agent alone (11) . Thus, the identification of a miRNA network/transcription factor network that governs breast CSC growth and whose signature appears frequently in triple-negative/basal-like breast cancer may have therapeutic implications. Reintroduction of miR-200 and other miRNAs that target CSCs in combination with conventional chemotherapy, which targets the non-CSCs, may serve as an effective strategy to treat aggressive breast cancer.
Materials and Methods
Cell Culture. The nontransformed breast cell line MCF-10A (39) contains an integrated fusion of the v-Src oncoprotein with ER-Src (40) . These cells were grown in DMEM/F12 medium supplemented with 5% (vol/vol) donor horse serum, 20 ng/mL epidermal growth factor (EGF), 10 μg/mL insulin, 100 μg/mL hydrocortisone, 1 ng/mL cholera toxin, 50 units/mL penicillin/streptomycin, with the addition of puromycin. Src induction and cellular transformation was achieved by treatment with 1 μM 4-OH tamoxifen, typically for 36 h as described (10, 25, 41) . Breast cancer cell lines were grown in DMEM, 10% (vol/vol) FBS, and penicillin/streptomycin. CSC Purification. Purification of CD44 high /CD24 low cells derived from breast cancer cell lines has been performed as described previously (11) . Briefly, flow cytometric cell sorting was performed on single-cell suspensions that were stained with CD44 antibody (FITC-conjugated) (555478; BD Biosciences) and with CD24 antibody (phycoerythrin-conjugated) (555428; BD Biosciences) for 30 min (10, 13, 41 (12, 20) . Briefly, the breast tissues were minced into small pieces (1 mm) by using a sterile razor blade. The tissues were digested with 2 mg/mL collagenase I (C0130; Sigma) and 2 mg/mL hyalurinidase (H3506; Sigma) in 37°C for 3 h. Cells were filtered, washed with PBS, and followed by Percoll gradient centrifugation. The first purification step was to remove the immune cells by immunomagnetic purification by using an equal mix of CD45 (leukocytes), CD15 (granulocytes), CD14 (monocytes), and CD19 (B cells) Dynabeads (Invitrogen). The second purification step was to isolate fibroblasts from the cell population by using CD10 beads for magnetic purification. The third step was to isolate the endothelial cells by using "endothelial cocktail" beads (CD31: BD Pharmingen, catalog no. 555444; CD146 P1H12 MCAM: BD Pharmingen, catalog no. 550314; CD105: Abcam, catalog no. Ab2529; Cadherin 5: Immunotech, catalog no. 1597; and CD34: BD Pharmingen, catalog no. 555820). In the final step, from the remaining cell population, only the CD44 high cells were purified by using CD44 beads. These cells were sorted for CD44 high /CD24 low (CSC) cells (purity >99.2%). Mammosphere Formation Assay. Mammospheres were generated by placing transformed cell lines in suspension (1,000 cells/mL) in serum-free DMEM/F12 media, supplemented with B27 (1:50; Invitrogen), 0.4% BSA, 20 ng/mL EGF, and 4 μg/mL insulin (12 high ER-Src cells plated in 96-well plates. Forty-eight hours post transfection, the number of cells was assessed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega). miRNAs that inhibited the luminescence by more than 50% were considered as positive hits. The positive hits identified in the primary screen were validated in a secondary screen. Specifically, 100 nM of these miRNA mimics were transfected in CD44 low /CD24 high ER-Src cells plated in six-well plates, and 48 h post transfection, cells were directly counted. The transfection dose used for the miRNA mimics was assessed through control experiments performed to identify the maximum dose without any cytotoxic effects.
miRNA Target Prediction and Validation and RNA Analysis. The miRNA database TargetScan version 5.1 (http://www.targetscan.org/index.html) was used to identify potential miRNA targets and to compare the seed sequences with the 3′UTRs of Suz12, Zeb2, Bmi1, or Klf4. Untreated miR-NC or miRNA (100 nM) treated cells were transfected with luciferase reporter gene constructs containing the 3′UTR of Suz12, Zeb2, Bmi1, or Klf4 (Switchgear Genomics Inc.). Cell extracts were prepared 24 h after transfection of the luciferase vector, and the luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega). RNA purified from cancer cell lines, tissues, and miR-NC or miRNA (100 nM) treated cells was reverse-transcribed to form cDNA, which was subjected to quantitative PCR in real-time using β-actin levels as a normalization control. The primers used to test Klf4 mRNA levels were ACCAGGCACTACCGTAAACACA and GGTCCGACCTGGAAAATGCT. The primers for Suz12, Zeb2, and Bmi1 have been described previously (10) . miRNA expression levels were tested using the mirVana qRT-PCR miRNA Detection Kit and qRT-PCR Primer Sets according to the manufacturer's instructions (Ambion Inc.). RNU48 expression was used as an internal control. The experiments have been performed in triplicate, and data are presented as mean ± SE.
